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3-Acyltetronic acids (Ic— 1h) have been shown
to exist in two monoenolic forms. The two
forms give rise to two separate sets of signals
in deuteriochloroform; in deuteriomethanol
only one set of the lines is observed due to a
fast interconversion between the two forms.
This is opposite to the situation in tetronic
acid (Ia) and 5-methyltetronic acid (I1b) in
which only one form has been observed. The
13C NMR spectra of the anions in alkaline solu-
tion show a high degree of delocalization of the
excess charge.

Tetronic acid and substituted tetronic acids
are normally formulated as having an enolic
group at C-4 (I).* Several other enolic struc-
tures are possible, especially in the case of the
3-acetyltetronic acids. Recently Keukeleire
et al.® have reported that a 300 MHz *H NMR
spectrum of a 3-acyltetronic acid gave rise to
two doublets at § 4.61 and 4.48, respectively,
each accounting for approximately half a
proton. The spectrum of this product is ex-
plained on the basis of a 1:1 mixture of two
enol forms.

As part of our interest in the structure of
the naturally occurring tetronic acids we re-
port the 1*C NMR spectra of several 3-acyl-5-
methyltetronic acids together with a few other
related tetronic acids (¢f. Table 1). The assign-
ments of the lines are based upon gated de-
coupled spectra and chosen so as to obtain
internal consistency.

DISCUSSION

The *C NMR spectra of tetronic acid (Ia)
and 5-methyltetronic acid (1b) in deuteriometh-
anol show that these molecules exist in only

one form. Five possibilities exist for the struc-
ture of this form, a keto form, three mono-
enolic forms, and a doubly-enolic form. From
the gated decoupled spectrum of (Ib) it can
be established that one hydrogen is attached
to C-3 as well as to C-5. This excludes in ac-
cordance with the recorded 'H NMR spectra *
the keto form, the doubly-enolic form, and one
of the mono-enolic forms. Normal «,f-un-
saturated ketonic carbon atoms give lines in
the area downfield to ¢ 195.%* Since neither
Ia nor 1b give rise to any lines of this area, the
second mono-enolic form with a keto group
at C-4 can also be disregarded, implying that
the structures of Is and Ib indeed are re-
presented by I. By accepting this structure
the chemical shifts of the respective carbon
atoms in Ig and 1b, given in Table 1, are in

H
R2
1
R Rt R*  Ref.
la H H H 9
» H CH, H 9
Ic  COCH, CH, H 10
1d COCH,CH, CH, H 10
le  CO(CH,),CH, CH, H 10
1If  COCH(CH,), CH, H 10
ig  COCH,CH, CH, H 10
1 COCH, CH, CH,
i OCOCH, - 12

CH, H
15 CO(CH,),CH, CH,CO0H H
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Table 1. *C chemical shifts, §,% of substituted tetronic acids.b
Com- C-2 C-3 C-4 C-5 C-1’ C.2 C.3’ C-4 [«1/[8]
pound
la® 178.35 88.95 182.57 69.85
Ib° 177.25 88.30  185.57 77.51
Ibad 177.96 73.68 193.00 74.46
Ic (a) 175.756 97.26 195.24 81.87 188.43 19.56 } 071
Ic (B) 167.70 100.19 200.24 76.34 194.46 22.35 '
Id (x) 176.14 96.16  194.98 81.74  192.97  26.31 9.56 } 0.57
1d (B) 167.63 99.67 199.14 75.89 199.27 29.56 8.32 '
Ie (x) 175.88 96.35 194.72 81.48 191.93 34.18 19.23 13.38 } 0.71
Ie (B) 167.31 99.41 199.99 75.89 197.65 36.90 18.19 13.38 '
Ie © 172.44 99.93 197.70 78.75 196.48 38.33 19.62 13.97
Iled 172.37 91.03 194.92 72.45 195.37 36.97 13.77 8.75
If («) 176.66 95.18 194.72 81.67 196.67 31.32 18.58 } 0.63
If (B) 167.44 98.69 200.44 75.87 202.58 33.72 18.26 '
Ig («) 176.07 96.61 195.05 81.93 188.43 38.40 }0 45
1g (B) 167.63 99.73 199.86 75.95 195.05 41.78 '
1h () 177.96 97.46 195.24 87.97 183.55 } 1.0
Ih (B) 166.33 94.40 206.10 82.65 188.68 '
1z (B) 166.33 94.60 192.19 73.75 166.14
15 ¢ 172.90 100.45 194.20 79.33 197.58 36.90 20.14 13.97
Ij af 177.57 96.61 198.23 78.94 200.44 41.97 18.78 13.32
2 182.57 88.30 193.756 84.40 161.85
38 161.20 99.93 181.21 101.49 205.25 20.73
4k 164.45 103.50 195.18 39.57  201.28  20.60

@ Uncertainty =+ 0.07 ppm. ? Dissolved in deuteriochloroform unless otherwise stated. The methyl
group at C-5 gave J 17.04 0.5 in all compounds exept in Ik in which §(CH;) 23.78. ¢ Dissolved in deu-
teriomethanol. ¢ 100 mg of the compound dissolved in 1.3 ml D,0+ 0.05 ml 40 % NaOD. ¢ §(CH,) 36.06
and 6(COOH) 172.18. / §(CH,) 39.89 and §(COOH) 178.55. £ §(C-6) 99.93. # §(C-6) 70.30.

agreement with values found for carbon atoms
in other compounds.®® The possibility of the
existence of a rapid equilibration between two
enolic forms of Ia and Ib, as in the case of Ie in
deuteriomethanol, seems unjustified in view
of the chemical shifts of C-4 and C-2.

The 1*C NMR spectra of 3-acyl-5-methyl-
tetronic acids Ic—Ih in deuteriochloroform
reveal the existence of two forms occurring in
different proportion. The gated decoupled
spectra show that C-5 in these compounds is
attached to one hydrogen, whereas C-3 car-
ries no hydrogen. This implies that these com-
pounds have to be considered as being of the
mono-enolic type. Several types of tautomeric
equilibria are conceivable in such a system
(Scheme 1).

Each of the equilibria «’=a=a” and g'=
p=p" will give rise to only one set of NMR
signals, since the interconversion between the
three forms is fast compared to the time scale
in NMR spectroscopy. Shapet’ko et al.® have
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suggested the nonexistence of form «’ and
as well as of " and B in acyclic g-diketones.
The enolic form of the latter compounds is
completely described by a structure of either
the «-type or the B-type. This can be ration-
alized in the sense of the potential function of
the enolic hydrogen having only one minimum.
This is contrary to the situation in six-mem-
bered cyclic B-ketoaldehydes in which the
13C NMR spectrum has been shown to be a
superposition of two forms equivalent to
either o’ and «’” or B and B”.7 The potential
function of the enolic proton will in that case
contain two minima separated by a small
potential barrier. The chemical shifts, J, of
the carbon atoms are then given by ?

0=p.0,+Ppdp [a=a’ (or §'), b=a” (or §”)]

in which J, and 6, are the chemical shifts in
the tautomeric forms a and b, whereas p, and
Py are the temperature depsndent probabilities
of these forms. A change of the value for the
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chemical shift, §, between different tempera-
tures will therefore be observable if two poten-
tial minima are present.

The ¥ NMR spectrum of Ie in deuteriochloro-
form has been investigated in the temperature
range from —40 to 54 °C. The values of the
chemical shifts of all the carbon atoms turned
out to be completely independent of the tem-
perature. This indicates that the forms «’, «’/;
B, and B” are not present in case of Ie. It
seems not unreasonable to extend this con-
clusion to all the compounds Ic— Ih. The two
forms present in these compounds are there-
fore most likely represented by « and g. How-
ever, these structures do not imply that the
distance from the enolic proton to the two
oxygen atoms are equal, but implies the exist-
ence of only one potential minimum for the
proton.

The assignments of the lines to the carbon
atoms of the two forms given in Table 1 are
based upon the difference in intensity of the
lines. The «-form has been considered to be
the form giving J (C-2) =175 in order to achieve
consistency with 1b. As can be seen from the
table this means that the f-form in most cases
is the dominating form in deuteriochloroform
(L8] > [a]).

The effect of different substituents Rl in
Ic—1g is clearly seen to influence the ratio

between the two forms ([«]/[f]) and the value
of the chemical shift of C-1’. The chemical
shifts of C-4 and C-2 are rather insensitive to
changes in R!. It can, furthermore, be cal-
culated that the difference in the values of
C-1’ between the two forms is independent of
the nature of the substituent. This suggests
that the structures of the two forms are the
same for all the compounds and, thus, in-
dependent, of R1. The values of §(C-2), 6(C-4),
and J(C-1’) are most easily rationalized by
considering the two O—H distances as being
almost identical in the «-form, whereas the
B-form is best represented by the structure g
since §(C-1’) in this form is almost in the area
expected for normal «,f-unsaturated ketonic
carbon atoms.
3-Ethoxycarbonyl-5-methyltetronic acid (I¢)
exists only in one form in deuteriochloroform.
By comparing the value of §(C-4) for 17 with
the corresponding value for 2-ethoxy-3-ethoxy-
carbonyl-5-methyl-4,5-dihydrofuran-4-one (2) it
seems justified to regard I as being of the g-

OOEt

Et o

4
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type. This is opposite to the situation found
for the unsubstituted tetronic acid.

The unusual stability as well as the IR and
UV spectra of 3-acyltetronic acids! are not
in agreement with the behaviour of the cor-
responding six-membered ring compounds, e.g.
the 13C spectrum of 3-acetyl-6-methyl-2,3-di-
hydropyran-2,4-dione (3) and 3-acetyl-6-meth-
yl1-2,3,5,6-tetrahydropyran-2,4-dione (4). The
latter two exist only in one form in deuterio-
chloroform (Table 1). The difference in behavi-
our of these two types of compounds is there-
fore likely to be connected to the special hy-
drogen bonding system present in the case of
the 3-acyltetronic acids.

The 13C NMR spectrum of Ie in deuterio-
methanol gives rise to only one set of signals
(Table 1). This can be explained in terms of a
fast interconversion between the «- and g-
form due to the exchange of the enolic hy-
drogen with the solvent. For carlosic acid (1j),
being almost insoluble in deuteriochloroform,
nothing can be said about the possible exist-
ence of two forms. Only one form is present in
deuteriomethanol (Table 1).

3-Acyltetronic acids are only slightly soluble
in water. In alkaline solution the anion is
formed. The *C chemical shift values for the
anion of 1b, le and 1j are given in Table 1.
The values of &(C-4) and §(C-1°) are in the
area normally found for a, -unsaturated ketonic
carbon atoms, suggesting a high degree of de-
localization of the excess charge. This is in
agreement with the results obtained for the
open form of carolic acid.®

We have recently shown ® that carolic acid
has to be considered as a 4:5 mixture of (E)-
and (Z)-methyl-(2’-tetrahydrofurylidene)-tetra-
hydrofuran-2,4-dione (5§), respectively. This
ratio can be considered quite strange, since

Z: X=0;
Scheme 2.
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steric factors in the proposed hydrated pre-
cursor, 3-(w-hydroxybutyryl)-5-methyltetronic
acid, do not give reason for suggesting any
deviation from a 1:1 ratio of the two enolic
ether forms of carolic acid. We believe that
the reason for deviation can be explained
from our observation that the 3-acyltetronic
acids exist in two forms, « and B, the f-form
being the major form present. Therefore, it
is suggested that the proportion, in which 5«
and 5B exist in the solvent, is the main factor
controlling the formation of carolic acid (§)
with an E/Z ratio of 4:5.

EXPERIMENTAL

The C NMR spectra were recorded on a
Jeol FX60 spectrometer. 8K data points were
used with a pulse length of 6 us corresponding
to a 60° flip angle. The spectral width was
4000 Hz. The magnetic field was stabilized by
internal deuterium lock on the signal from
the solvents. The probe temperature was 30 °C.
All chemical shifts were measured as J (ppm
downfield to TMS). In case of variable tem-
perature measurement the sample temperature
was controlled with a standard variable tem-
perature controller and determined with an
accuracy of +1 °C.

3-Benzoyl-5,5-dimethyltetronic acid (1h). Pre-
pared from 2-chloro-2-methylpropanoyl chlo-
ride and ethyl benzoylacetate,”* m.p. 74—75
°C (Anal. C,,H,,0,: C, H, 0).

Carlosic acid (1j). Isolated from single flask
cultures of Penicillium charlesii NRRL 1887.
Details will be discussed in another paper.1s

Compound 2 was prepared according to
Ref. 11.

3-Acetyl-6-methyl-2,3,5,6-tetrahydropyran-2,4-
dione (4). Dehydracetic acid (7.05 g, 0.042
mol) was hydrogenated at room temperature in
glacial acetic acid (50 ml) with 0.5 g of 5 9,
Pd/C as catalyst in a low pressure hydrogena-
tion apparatus. The uptake of 0.042 mol of
hydrogen took 4 h. The reaction mixture was
poured into water (100 ml) and the pH value

Y=CH,
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was adjusted to 7. Extraction with ether and
removal of acetic acid from the etheral phase
by extraction with saturated sodium hydrogen
carbonate, drying and subsequent evaporation
of the solvent under reduced pressure gave
5.3 g (70 %) of crude 4 with m.p. 88—92 °C.
Recrystallization from ethanol raised the m.p.
to 95— 97 °C (lit.** 100 °C).
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